Research on dopamine lies at the intersection of sophisticated theoretical and neurobiological approaches to learning and memory. Dopamine has been shown to be critical for many processes that drive learning and memory, including motivation, prediction error, incentive salience, memory consolidation, and response output. Theories of dopamine's function in these processes have, for the most part, been developed from behavioral approaches that examine learning mechanisms in reward-related tasks. A parallel and growing literature indicates that dopamine is involved in fear conditioning and extinction. These studies are consistent with long-standing ideas about appetitive-aversive interactions in learning theory and they speak to the general nature of cellular and molecular processes that underlie behavior. We review the behavioral and neurobiological literature showing a role for dopamine in fear conditioning and extinction. At a cellular level, we review dopamine signaling and receptor pharmacology, cellular and molecular events that follow dopamine receptor activation, and brain systems in which dopamine functions. At a behavioral level, we describe theories of learning and dopamine function that could describe the fundamental rules underlying how dopamine modulates different aspects of learning and memory processes.
Introduction
A key insight from behavioral approaches to learning is that multiple theoretical processes contribute to the acquisition and extinction of learned behaviors. Over the years, theories have described effects on processing of the conditioned stimulus (CS), the unconditioned stimulus (US), the context in which learning occurs, and the associative connections that form among stimuli, responses, and outcomes. Neurobiological studies have revealed that dopamine signaling is involved in many of the different theoretical processes that underlie learning. Recent experiments examining the role of dopamine in acquisition and extinction of learned fear demonstrate that learning in aversive situations may be modulated by an engagement of appetitive systems, supporting long-held assumptions about appetitive-aversive interactions in learned behavior (Dickinson & Dearing, 1979; Dickinson & Pearce, 1977; Konorski, 1967) .
In this review, we focus on recent evidence demonstrating the different ways in which dopamine signaling may modulate learning during extinction of fear. We first review some of the ways in which dopamine has been treated at a theoretical level. Dopamine is involved in the circumstances that produce learning (e.g., prediction error, coding of stimulus salience); it mediates the content of that learning (e.g., hedonic value of associations); and it modulates the expression of learning in performance (e.g., response vigor, memory retrieval). We consider the complexity of dopamine signaling at receptor, molecular, and neural systems levels and suggest that some of the reward-related processes that rely on dopamine may drive the learning of extinction contingencies.
The many roles of dopamine in learning
A central tenet of the neurobiology of reward is that dopamine plays a key role in different processes modulating reward-seeking behaviors. Due to the complexity of signaling that arises from the projections to and from dopamine neurons, there are several different theoretical explanations for dopamine's role in these behaviors. These theories parallel learning theories that have focused on different aspects of Pavlovian and operant processes in behavior. In particular, theories have focused on the nature of reinforcement and how motivational state alters the impact of an outcome on learning processes (e.g., Dayan & Balleine, 2002) , how the conditioned reinforcing value of previously neutral stimuli may come to control behavior (e.g., Belin, Belin-Rauscent, Murray, & Everitt, 2013) , and how the discrepancy between the expected and obtained outcomes in a given situation drives learning (e.g., Iordanova, 2009).
